A diffraction theory of continuous-wave photothermal def lection (PD) spectroscopy with fundamental and harmonic responses is presented. The displacement of the probe beam centroid is found to be a rigorous measurement of PD effect, which leads to a set of analytical solutions to the fundamental and the second-order harmonics. Harmonics are caused by the diffraction of the probe beam in the mirage region, which could not be handled by geometric-optics theory. This theory can be used to study bulk materials, thin films, and layered-structure samples. Experimental results are in good agreement with the theory.
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Early PD theories were based on ray-(or geometric-) optics theory, in which the probe beam was treated as a bundle of rays. 4, 5 The problem with the ray-optics theory is that, when the probe beam passes through the mirage region, the ray optics cannot realistically account for the different phase shifts experienced by the different parts of the probe beam. This problem was overcome by use of diffraction theory to study the mirage effect. Glazov and Muratikov 6 proposed a PD theory with a continuous-wave (cw) three-dimensional temperature field. However, no harmonic response was obtained, although the second-harmonic signal was proved to be useful for enhancing the resolution of the PD imaging. 7, 8 Moreover, the complexity of three-dimensional temperature distribution and their def inition of the PD signal as the integration of the intensity change over the semi-detection plane made it impossible to obtain an analytical solution, which is preferable for researchers to deduce sample properties from PD signals. Recently, Power and co-workers also employed the diffraction theory to study the impulse mirage effect with a one-dimensional temperature field. 9, 10 As reported in this Letter, the fundamental and harmonic responses of cw PD signals were studied with Fresnel diffraction theory. We f ind that the centroid moment of the probe beam can provide a rigorous measure of the mirage effect, which leads to a set of meaningful, easy-to-use closed-form analytical solutions for the fundamental and harmonic responses of the PD signal. Experimental results of both fundamental and second-harmonic responses are presented and shown to be in very good agreement with the theory.
The mirage effect is shown schematically in Fig. 1 . A uniform heating beam with a diameter of d is incident upon the sample. A Gaussian probe beam, parallel to the sample surface at a distance a, intercepts the mirage region. Without loss of generality, we assume that the axis of the probe beam is at x 0 and the waist of the probe beam is at z 0 along the z direction. The detector is placed at z 1 1 z D , where z D ͑z D . . d͒ and z 1 are the distances from the mirage region to the detector plane and to the waist of the probe beam, respectively. The thickness of the sample, the backing material, and the air (or f luid) volume are l, l b , and l g , respectively. The cw uniform heating beam was sinusoidally modulated, I 1 /2 I 0 ͑1 1 cos vt͒, where I 0 is the heating-beam intensity [W͞m 2 ], and v is the angular modulation frequency. The temperature rise distribution in the air (or f luid) adjacent to the sample surface is 11 DT g ͑x, t͒
where temperature fields, respectively. u 0 and u are the dc and ac temperature rises, respectively, on the sample surface 11 ; w arctan͓Im͑u͒͞Re͑u͔͒. When the probe beam passes through the mirage region, a phase shift, f͑x, t͒, will be introduced:
Here ≠n͞≠T is the temperature coefficient of the refractive index of air (or f luid). Based on Fresnel diffraction theory, the electric field of the probe beam on the detector plane can be written as
where u 0 ͑x 0 , y 0 , z 1 ͒ is the electric field of the Gaussian probe beam at position z 1 before it enters the mirage region, k 2p͞l. The subscript D denotes the parameters on the detector plane. The PD signal can be def ined as the displacement of the probe beam centroid, m x , in the absence or presence of the mirage region, which is given by 9,10
We note that exp͓2jf͑x, t͔͒ in Eq. (3) contains the harmonic properties of the PD signal. Expanding exp͓2jf͑x, t͔͒ into a Taylor series to perform the integration and limiting our consideration to the fundamental and the second-harmonic components, we obtained
Here m x 0 , m x 1 , and m x 2 are the amplitudes of the def lection signals for the dc, the fundamental, and the second-harmonic responses, respectively. j 1 and j 2 are the phase delays of the fundamental and the second-harmonic signals:
Here, q r 1 jq i ͑1͞q 1 1͞z D ͒ 21 ; q z 1 1 jz c . z c is the confocal distance of the probe beam. Equations (5) -(9) are the main results for the diffraction theory of the cw PD spectroscopy. They share some common features with the ray-optics theory; i.e., the first-order PD signal is proportional to the heatingbeam intensity, and the second-order harmonic signal is quadratically dependent on the heating-beam intensity. 12 Equation (5) shows that the dc component of the mirage effect is equivalent to a perfect inverted prism in the one-dimensional approximation. Equation (6) and expression (7) show that the amplitudes of the fundamental and the second-order harmonic signals increase with the ac surface temperature rise, the thickness of the mirage region (for a given value u), and the distance from the mirage region to the detection plane. Glazov and Muratikov found that the PD signal would saturate with z D for their def inition, 6 and increasing z D could not enhance the def lection signal after saturation. From our results, m x is proportional to z D , and, therefore, increasing z D is an effective method of increasing the PD signal. Both the fundamental and the second-order signals decrease exponentially with respect to the distance between the probe beam and the sample surface. The ratio of the second-order harmonic signal to the fundamental one is m x 2 ͞m x 1 ϳ 0.5kd͑≠n͞≠T ͒exp͑2a g a͒ juj ͑q r ͞q i ͒, showing that under proper experimental conditions, the second-order harmonic can be comparable to the fundamental one. Increasing ≠n͞≠t is an effective method of increasing the second harmonic. From Eqs. (5)- (9), we see that the second-order harmonic is proportional to
The last terms in Eqs. (8) and (9) describe the contribution of the diffraction, which could not be handled in the framework of ray optics. These diffraction terms are dependent on the experimental parameters and the thermal properties of the ambient air (or f luid) (e.g., z D , z c , l, v, and a g .)
To verify our current theory, we conducted experiments to measure the fundamental and secondharmonic responses and the thermal properties of air. The results for the fundamental and harmonic signals with respect to the modulation frequencies are shown in Fig. 2 . The thermal effusivity value used in the theoretical calculation was 1.1 3 10 3 [W s 21͞2 m 22 k 21 ], which is very close to the results of 1 3 10 3 obtained from the photoacoustic experiments conducted in our laboratory with the same sample. The excellent consistency between experimental results and theoretical calculation indicates the efficacy of current theory for both fundamental and second-harmonic responses. The ray-optics theory assumes that the second-harmonic and upharmonic responses are caused by the nonlinear dependence of physical properties of the sample (e.g., specif ic heat, optical absorption coeff icient, thermal conductivity) on heating-beam intensity. 13, 14 In this experiment the heating-beam intensity is ϳ2 3 10 3 W͞m 2 , which leads to a temperature rise of less than 0.01 K on the sample surface. For such a low temperature rise, the physical properties of the sample are constant, but the second harmonic still can be measured. This nonlinear phenomenon cannot be explained by the ray-optics theory. However, according to current theory, the phase shift of the probe beam caused by the mirage region is nonlinearly dependent on the modulation frequency, f , and the distance between the sample surface and the probe beam, a, thus the nonlinear response is produced. Figure 3 shows the fundamental signals versus the distance, a. The thermal diffusivity of the ambient air at temperature 297 K was found to be ͑2.2 6 0.1͒ 3 10 25 m 2 ͞s and ͑2.3 6 0.1͒ 3 10 25 m 2 ͞s by best fitting to the amplitude and the phase-shift curve, respectively, and these results are in very good agreement with the literature value of ͑2.224 6 0.007͒ 3 10 25 m 2 ͞s at 298 K.
